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The effect of rotation on the onset of double diffusive convection in a horizontal couple
stress ﬂuid-saturated porous layer, which is heated and salted from below, is studied ana-
lytically using both linear and weak nonlinear stability analyses. The extended Darcy
model, which includes the time derivative and Coriolis terms, has been employed in the
momentum equation. The onset criterion for stationary, oscillatory and ﬁnite amplitude
convection is derived analytically. The effect of Taylor number, couple stress parameter,
solute Rayleigh number, Lewis number, Darcy–Prandtl number, and normalized porosity
on the stationary, oscillatory, and ﬁnite amplitude convection is shown graphically. It is
found that the rotation, couple stress parameter and solute Rayleigh number have stabiliz-
ing effect on the stationary, oscillatory, and ﬁnite amplitude convection. The Lewis number
has a stabilizing effect in the case of stationary and ﬁnite amplitude modes, with a desta-
bilizing effect in the case of oscillatory convection. The Darcy–Prandtl number and normal-
ized porosity advances the onset of oscillatory convection. A weak nonlinear theory based
on the truncated representation of Fourier series method is used to ﬁnd the ﬁnite ampli-
tude Rayleigh number and heat and mass transfer. The transient behavior of the Nusselt
number and Sherwood number is investigated by solving the ﬁnite amplitude equations
using Runge–Kutta method.
 2012 Elsevier Inc. All rights reserved.1. Introduction
The problem of double diffusive convection in porous media has attracted considerable interest during the last few
decades because of its wide range of applications, from the solidiﬁcation of binary mixtures to the migration of solutes in
water-saturated soils. Other examples include geophysical systems, electro-chemistry, and the migration of moisture
through air contained in ﬁbrous insulation. The problem of double diffusive convection in a porous medium has been exten-
sively investigated and the growing volume of work devoted to this area is well documented by Ingham and Pop [1,2], Nield
and Bejan [3], Vafai [4,5] and Vadasz [6].
Although the problem of double diffusive convection has been extensively investigated for Newtonian ﬂuids, relatively
little attention has been devoted to this problem with non-Newtonian ﬂuids. The corresponding problem in the case of a
porous medium has also not received much attention until recently. With growing importance of non-Newtonian ﬂuids with
suspended particles in modern technology and industries, the investigations of such ﬂuids are desirable. The study of such
ﬂuids have applications in a number of processes that occur in industry, such as the extrusion of polymer ﬂuids, solidiﬁcation
of liquid crystals, cooling of metallic plate in a bath, exotic lubrication and colloidal and suspension solutions. These ﬂuids. All rights reserved.
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gen [7]. The micropolar ﬂuids take care of local effects arising from microstructure and as well as the intrinsic motions of
microﬂuidics. The spin ﬁeld due to microrotation of freely suspended particles set up an anti-symmetric stress, known as
couple stress, and thus forming couple stress ﬂuid. Thus, couple stress ﬂuid, according to Eringen [7], is a particular case
of micropolar ﬂuid when microrotation balances with the natural vorticity of the ﬂuid. In the category of non-Newtonian
ﬂuids couple stress ﬂuids have distinct features, such as polar effects. The theory of polar ﬂuids and related theories are mod-
els for ﬂuids whose microstructure is mechanically signiﬁcant. The constitutive equations for couple stress ﬂuids were given
by Stokes [8]. The theory proposed by Stokes is the simplest one for micro-ﬂuids, which allows polar effects such as the pres-
ence of couple stress, body couple and non-symmetric tensors. There are few studies available on the Rayleigh–Benard prob-
lem for couple stress ﬂuids, and extensions including the issue of stability/onset [9–19].
The study of the effect of external rotation on thermal convection has attracted signiﬁcant experimental and theoretical
interest. Because of its general occurrence in geophysical and oceanic ﬂows, it is important to understand how the Coriolis
force inﬂuences the structure and transport properties of thermal convection. Rotating thermal convection also provides a
system to study hydrodynamic instabilities, pattern formation and spatiotemporal chaos in nonlinear dynamical systems.
The study of thermal convection in rotating porous media is motivated both theoretically and by its practical applications
in engineering some of the important areas of applications in engineering include the food processing, chemical process,
solidiﬁcation and centrifugal casting of metals and rotating machinery. During the last two decades there has been a great
deal of effort lead by many researchers on the study of effect of external rotation on the Rayleigh–Benard convection. In the
literature there are plenty of works available on the problem of understanding how the Coriolis force inﬂuences the onset of
thermal convection. The linear dynamics of rotating Rayleigh–Benard convection with rigid stress-free boundaries has been
thoroughly investigated by Chandrasekhar [20] who determined the marginal stability boundary and critical horizontal
wave numbers for the onset of convection and over stability as a function of the Taylor number. Vadasz [21] has used linear
and weak nonlinear stability theories to study the effect of Coriolis force on gravity-driven convection in a rotating porous
layer heated from below by employing the modiﬁed Darcy model. The differences as well as similarities between the porous
medium and pure ﬂuids convection results are highlighted in this study. An excellent review of research on thermal convec-
tion in a rotating porous medium is given by Vadasz [22]. A nonlinear stability analysis for thermal convection in a rotating
porous layer has been performed by Straughan [23]. Chakrabarti and Gupta [24] have analyzed the nonlinear thermohaline
convection in a rotating porous medium. Govender [25] has analyzed the effect of Coriolis force on centrifugally driven con-
vection in a rotating layer of porous medium. Malashetty et al. [26] have studied linear and nonlinear thermal convection in
a rotating porous layer using a thermal nonequillibrium model. Shivakumara et al. [27] have investigated the effect of Cori-
olis force on thermal convection in a layer of Newtonian ﬂuid-saturated porous medium using the Brinkman–Lapwood–
Darcy model with ﬂuid viscosity different from Brinkman viscosity. The effect of rotation on the onset of double diffusive
convection in a horizontal anisotropic porous layer was studied by Malashetty and Heera [28]. Convective instability in
either a couple stress ﬂuid layer or couple stress ﬂuid-saturated porous layer heated from below has been investigated in
the recent past including the effects of an additional diffusing component (i.e., solute concentration) and external constraints
such as magnetic ﬁeld and /or rotation.
Goel et al. [29] have studied the hydromagnetic stability of an unbounded couple stress binary ﬂuid mixture under rota-
tion with vertical temperature and solute concentration gradients. A layer of couple stress ﬂuid saturating a porous medium
heated from below in the presence of rotation has been studied by Sharma et al. [30], and condition for the onset of convec-
tion is obtained. Sunil et al. [31] have investigated the effect of magnetic ﬁeld and rotation on a layer of couple stress ﬂuid
heated from below in a porous medium. Sharma and Sharma [32] have investigated the effect of suspended particles on elec-
trically conducting couple stress ﬂuid heated uniformly from below under the inﬂuence of uniform rotation and magnetic
ﬁeld. Recently, Shivakumara et al. [33] has discussed the Coriolis effect on thermal convection in a couple stress ﬂuid-sat-
urated rotating rigid porous layer. Further, the effect of rotation on the onset of double diffusive convection in a couple stress
ﬂuid-saturated porous medium is not available. The intent of the present paper is therefore to study the onset of double dif-
fusive convection in a couple stress ﬂuid-saturated rotating porous layer heated and salted from below using linear and weak
nonlinear analyses with emphasis on how the condition for the onset of convection is modiﬁed in the presence of rotation
and couple stresses.2. Mathematical formulation
We consider an inﬁnite horizontal ﬂuid-saturated porous layer conﬁned between the planes z = 0 and z = d, with the ver-
tically downward gravity force g acting on it. The temperatures Tl and Tu with Tl > Tu and solute concentrations Sl and Su with
Sl > Su are imposed at the bottom and top boundaries, respectively. The boundaries are impermeable, and we assume that the
ﬂuid and solid phases are in local thermal equilibrium. A Cartesian frame of reference is chosen with the origin in the lower
boundary and the z-axis vertically upwards. The porous layer rotates uniformly about the z-axis with a constant angular
velocityX = (0,0,X). The interaction between heat and mass transfer, known as Soret and Dufour effects, is supposed to have
no inﬂuence on the convective ﬂow, so they are ignored. The velocities are assumed to be small so that the advective and
Forchheimer inertia effects are ignored. The ﬂow in the porous medium is governed by the modiﬁed Darcy’s law, which in-
cludes the time derivative and the Coriolis terms is employed as a momentum equation.
174 M.S. Malashetty et al. / Applied Mathematical Modelling 37 (2013) 172–186The basic state is assumed to be quiescent, and we superpose inﬁnitesimal perturbations on this basic state. The equa-
tions for the perturbation quantities under the Boussinesq approximation arer  q ¼ 0; ð2:1Þ
q0
e
@q
@t
¼ rpþ q0ðbTT  bSSÞg
2q0
e
X q 1
k
ðl lcr2Þq; ð2:2Þ
c
@T
@t
þ ðq  rÞT ¼ jTr2T; ð2:3Þ
e
@S
@t
þ ðq  rÞS ¼ jSr2S; ð2:4Þwhere q = (u,v,w) is the velocity, p is the pressure, q0 is the reference density, g is the acceleration due to gravity, e and k are
the porosity and permeability of the porous medium, l is the ﬂuid viscosity, lc is the couple-stress viscosity, X denote the
angular velocity of rotation, T and S are the temperature and concentration, respectively, jT is the thermal diffusivity, jS is
the solute diffusivity, bT and bS are the coefﬁcients of thermal and solute expansion, respectively. Further, c = (qc)m/(qcp)f,
where (qcp)f is the volumetric heat capacity of the ﬂuid and (qc)m = (1  e)(qc)s + e(qcp)f is the volumetric heat capacity of
the saturated medium as a whole, with the subscripts f, s andm denoting the properties of the ﬂuid, solid, and porous matrix,
respectively. Eq. (2.2) is indeed the averaged equation applicable for couple stress ﬂuid ﬂow through rotating porous media.
It is observed that the presence of rotation introduces an additional body force known as Coriolis force which has a profound
effect on the ﬂow of couple stress ﬂuid through porous media. By operating curl twice on Eq. (2.2) we eliminate p from it, and
then render the resulting equation and the Eqs. (2.3) and (2.4) dimensionless using the following transformationsðx; y; zÞ ¼ dðx; y; zÞ; t ¼ ðcd2=jTÞt; ðu;v ;wÞ ¼ ðjT=dÞðu;v;wÞ;
T ¼ ðDTÞT; S ¼ ðDSÞS ð2:5Þto obtain non-dimensional equations as (on dropping the asterisks for simplicity),1
PrD
@
@t
þ 1 Cr2
 2
r2 þ Ta @
2
@z2
" #
w ¼ 1
PrD
@
@t
þ 1 Cr2
 
r21ðRaT  RaSÞ; ð2:6Þ
@
@t
r2 þ q  r
 
T w ¼ 0; ð2:7Þ
v @
@t
 Le1r2 þ q  r
 
Sw ¼ 0; ð2:8Þwhere,Ta ¼ 2Xk
me
 2
; PrD ¼ ecmd
2
jTk
; RaT ¼ bTgDTdkmjT ; RaS ¼
bSgDSdk
mjT
; C ¼ lc
ld2
; Le ¼ jT
jS
; v ¼ e
c
:The dimensionless groups, which appear, are the Taylor number Ta, Darcy–Prandtl number PrD, thermal Rayleigh number
RaT, solute Rayleigh number RaS, couple stress parameter C, the Lewis number Le, and the normalized porosity v.
Eqs. (2.6)–(2.8) are to be solved for stress free, isothermal, and isohaline boundaries. Hence the boundary conditions for
the perturbation variables are given byw ¼ @
2w
@z2
¼ T ¼ S ¼ 0; at z ¼ 0;1: ð2:9Þ3. Linear stability analysis
In this section we predict the thresholds of both marginal and oscillatory convections using linear theory. The eigenvalue
problem deﬁned by Eqs. (2.6)–(2.8) subject to the boundary conditions (2.9) is solved using the time-dependent periodic dis-
turbances in a horizontal plane. Assuming that the amplitudes of the perturbations are very small, we writeðw; T; SÞ ¼ ðWðzÞ;HðzÞ;UðzÞÞexp½iðlxþmyÞ þ rt; ð3:1Þ
where l, m are horizontal wavenumbers and r is the growth rate. Inﬁnitesimal perturbations of the rest state may either
damp or grow depending on the value of the parameter r. Substituting Eq. (3.1) into the linearized version of Eqs. (2.6)–
(2.8) we obtainr
PrD
 CðD2  a2Þ þ 1
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" #
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W ¼ D2W ¼ H ¼ U ¼ 0 at z ¼ 0;1: ð3:5ÞWe assume the solutions of Eqs. (3.2)–(3.4) satisfying the boundary conditions (3.5) in the fromðWðzÞ;HðzÞ;UðzÞÞ ¼ ðW0;H0;U0Þ sinnpz; ðn ¼ 1;2;3; . . .Þ: ð3:6ÞThe most unstable mode corresponds to n = 1 (fundamental mode). Therefore, substituting Eq. (3.6) with n = 1 into Eqs.
(3.2)–(3.4), we obtain a matrix equationRaT ¼ ðrþ d
2Þ
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 !
: ð3:7Þwhere g = 1 + Cd2 and d2 = p2 + a2. We note that g is a representative of the viscosity of the ﬂuid, and it is evident that the
suspended particles add to the viscosity. The growth rate r is in general a complex quantity such that r = rr + iri. The system
with rr < 0 is always stable, while for rr > 0 it will become unstable. For neutral stability state rr = 0.
3.1. Stationary state
For the validity of principle of exchange of stabilities (i.e., steady case), we have r = 0 (i.e.,rr = ri = 0) at the margin of sta-
bility. Then the Rayleigh number at which marginally stable steady mode exists becomesRaStT ¼
ðp2 þ a2Þ2ð1þ Cðp2 þ a2ÞÞ
a2
þ Tap
2ðp2 þ a2Þ
a2ð1þ Cðp2 þ a2ÞÞ þ LeRaS: ð3:8ÞThe minimum value of the Rayleigh number RaStT occurs at the critical wavenumber a ¼ aStc where aStc ¼
ﬃﬃ
s
p
satisﬁes the
equationa0s5 þ a1s4 þ a2s3 þ a3s2  a4s a5 ¼ 0; ð3:9Þwherea0 ¼ 2C3; a1 ¼ 7p2C3 þ 5C2; a2 ¼ 4C þ 12C2p2 þ 8C3p4;
a3 ¼ 1þ 5Cp2 þ 6C2p4  4Cp4Ta; a4 ¼ 2Cp4 þ 4C2p6 þ 2C3p8 þ 2Cp4Ta;
a5 ¼ p4 þ 3Cp6 þ 3C2p8 þ C3p10 þ p4Taþ Cp6Ta:It is important to note that the critical wavenumber aStc depends on the couple stress parameter and Taylor number. In the
absence of Taylor number, i.e. when Ta = 0, Eq. (3.8) givesRaStT ¼
1
a2
ðp2 þ a2Þ2½1þ Cðp2 þ a2Þ þ LeRaS; ð3:10Þwhich is the result given by Malashetty et al. [16]. For single component ﬂuid, RaS = 0, in Eq. (3.8) givesRaStT ¼
ðp2 þ a2Þ2ð1þ Cðp2 þ a2ÞÞ
a2
þ Tap
2ðp2 þ a2Þ
a2ð1þ Cðp2 þ a2ÞÞ : ð3:11Þwhich is the one obtained by Shivakumara et al. [33]. When C = 0 (i.e. Newtonian ﬂuid case), Eq. (3.11) reduces toRaStT ¼
ða2 þ p2Þ2
a2
þ ða
2 þ p2Þ
a2
p2Ta; ð3:12Þthis coincides with the results of Vadasz [21]. Further Ta = 0, Eq. (3.12) givesRastT ¼
ðp2 þ a2Þ2
a2
; ð3:13Þwhich has the critical value RaStc ¼ 4p2 for aStc ¼ p2 obtained by Horton and Rogers [34] and Lapwood [35].
3.2. Oscillatory state
We now set r = iri in Eq. (3.7) and clear the complex quantities from the denominator, to obtainRaT ¼ D1 þ iriD2; ð3:14Þ
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a2 g2 þ rPr1D
 2  :Since RaT is a physical quantity, it must be real. Hence, from Eq. (3.14) it follows that either ri = 0 (steady onset) or D2 = 0
(ri–0, oscillatory onset).
For oscillatory onset D2 = 0 (ri–0) and this gives a dispersion relation of the form (on dropping the subscript i)B0ðr2Þ2 þ B1ðr2Þ þ B2 ¼ 0: ð3:15Þ
The expressions for the coefﬁcients B0, B1 and B2 are not presented here for brevity.
Now Eq. (3.14) with D2 = 0, givesRaOscT ¼
d2
a2
gd2  r
2
PrD
 
þ Rasðd
4Le1 þ r2vÞ
ðd2Le1Þ2 þ r2v2
þ
p2Ta r2Pr1D þ d2g
 
a2 g2 þ rPr1D
 2  : ð3:16ÞWe ﬁnd the oscillatory neutral solutions from Eq. (3.16). It proceeds as follows: First determine the number of positive solu-
tions of Eq. (3.15). If there are none, then no oscillatory instability is possible. If there are two, then the minimum (over a2) of
Eq. (3.16) with r2 given by Eq. (3.15) gives the oscillatory neutral Rayleigh number. Since Eq. (3.15) is quadratic in r2, it can
give rise to more than one positive value of r2 for ﬁxed values of the other parameters. The analytical expression for oscil-
latory Rayleigh number given by Eq. (3.16) is minimized with respect to the wavenumber numerically, after substituting for
r2 from Eq. (3.15), for various values of physical parameters in order to know their effects on the onset of oscillatory
convection.
4. Finite amplitude analysis with limited representation
In this section we consider the nonlinear analysis using a truncated representation of Fourier series considering two
terms. Although the linear stability analysis is sufﬁcient for obtaining the stability condition of the motionless solution
and the corresponding eigenfunctions describing qualitatively the convective ﬂow, it cannot provide information about
the values of the convection amplitudes, nor regarding the rate of heat and mass transfer. To obtain this additional informa-
tion, we perform the nonlinear analysis, which is useful to understand the physical mechanism with minimum amount of
mathematical analysis and is a step forward towards understanding full nonlinear problem.
For simplicity of analysis, we conﬁne ourselves to the two-dimensional rolls, so that all the physical quantities are inde-
pendent of y. We introduce stream function w such that u = @w/@z, w =  @w/@x into the Eq. (2.2), eliminate pressure and
non-dimensionalize the resulting equation and Eqs. (2.3) and (2.4) using the transformations (2.5) to obtain1
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¼ 0; ð4:4Þwhere V is the zonal velocity induced by rotation. A minimal double Fourier series which describes the ﬁnite amplitude con-
vection is given byw ¼ A1ðtÞ sinðaxÞ sinðpzÞ; ð4:5Þ
T ¼ A2ðtÞ cosðaxÞ sinðpzÞ þ A3ðtÞ sinð2pzÞ; ð4:6Þ
S ¼ A4ðtÞ cosðaxÞ sinðpzÞ þ A5ðtÞ sinð2pzÞ; ð4:7Þ
V ¼ A6ðtÞ sinðaxÞ cosðpzÞ þ A7ðtÞ sinð2pxÞ; ð4:8Þwhere the coefﬁcients A1  A7 are the time dependent amplitudes and are to be determined from the dynamics of the sys-
tem. Substituting Eqs. (4.5)–(4.8) into Eqs. (4.1)–(4.4) and equating the coefﬁcients of like terms we obtain the following
non-linear autonomous system of differential equations
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dt
¼ H; ð4:9Þwhere X = (Ai)T, H = (Hi)T i = 1  7 withH1 ¼  PrD
d2
ðgd2A1  pTa1=2A6 þ aRaTA2  aRaSA4Þ;
H2 ¼ aA1  d2A2  paA1A3;
H3 ¼ 4p2A3 þ pa2 A1A2;
H4 ¼ 1v ðaA1  d
2Le1A5  paA1A6Þ;
H5 ¼ 1v 4p
2Le1A5 þ pa2 A1A4
 
;
H6 ¼ ðPrDgA6 þ pTa1=2PrDA1Þ;
H7 ¼ PrD-A7;where - = 1 + 4Cp2.
The non-linear system of autonomous differential equations is not suitable to analytical treatment for the general time-
dependent variable and we have to solve it using a numerical method. However, one can make qualitative predictions as
discussed below. The system of equations (4.9) is uniformly bounded in time and possesses many properties of the full prob-
lem. Like the original Eqs. (2.2)–(2.4), Eq. (4.9) must be dissipative. Thus volume in the phase space must contract. In order to
prove volume contraction, we must show that velocity ﬁeld has a constant negative divergence. Indeed,r  U ¼
X7
i¼1
@
@Ai
dAi
dt
 
¼ ½PrDð2gþ-Þ þ ð1þ Le1Þðd2 þ 4p2Þ; ð4:10Þwhich is always negative and therefore the system is bounded and dissipative. As a result, the trajectories are attracted to a
set of measure zero in the phase space; in particular they may be attracted to a ﬁxed point, a limit cycle or, perhaps, a strange
attractor. From Eq. (4.9) we conclude that if a set of initial points in phase space occupies a region U(0) at time t = 0, then
after some time t, the end points of the corresponding trajectories will ﬁll a volumeUðtÞ ¼ Uð0Þ exp½ðPrDð2gþ-Þ þ ð1þ Le1Þðd2 þ 4p2ÞÞt: ð4:11ÞThis expression indicates that the volume decreases exponentially with time. We can also infer that, the large Darcy–Prandtl
number and very small Lewis number (Le < 1) tend to enhance dissipation. Finally, we note that the system of Eq. (4.9) are
invariant under the transformation (A1,A2,A5,A6,A7)? (A1,A2, A5,A6,A7).
4.1. Steady ﬁnite amplitude motions
From qualitative predictions we look into the possibility of an analytical solution. In the case of steady motions, Eqs.
(4.1)–(4.4) can be solved in closed form. For steady state the system (4.9), after eliminating all amplitudes except A1, givesph2 þ qhþ r ¼ 0; ð4:12Þwhere h ¼ A218 , and p ¼ a4Le2ðd2g2  p2TaÞ,
q ¼ a2ðp2Tad2ð1þ Le2d2Þ þ gða2LeðRaS  LeRaTd2ÞÞ þ d4gð1þ Le2ÞÞ;
r ¼ d2ðp2Tad2 þ gða2ðLeRaS  RaTÞÞ þ d4gÞ:The required root of Eq. (4.12) is,h ¼ 1
2p
ðqþ ðq2  4prÞ1=2Þ: ð4:13ÞWhen we let the radical in the above equation to vanish, we obtain the expression for ﬁnite amplitude Rayleigh number RafT ,
which characterizes the onset of ﬁnite amplitude steady motions. The ﬁnite amplitude Rayleigh number can be obtained in
the formRafT ¼
1
2x1
x2 þ x22  4x1x3
	 
1=2 
; ð4:14Þ
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x2 ¼ 2a2Le2gd4p2TaðLe2  1Þ  2g2a4Le3d2RaS þ 2g3a2Le2d6ð1 Le2Þ;
x3 ¼ p4Ta2d2ð1þ Le4 þ Le2ð2 4d2ÞÞ þ 2p2Tad2gða2LeRaSðLe2ð1þ 2d2Þ  1Þ þ d4ð4Le2d2  ð1þ Le2Þ2ÞgÞ
þ g2a4Le2Ra2S þ 2a2LeRaSd4ð1þ Le2ð1 2d2ÞÞg3 þ d8ð1þ Le2ðLe2 þ 2ð1 2d2ÞÞÞg4:
The expression for the steady ﬁnite amplitude Rayleigh number given by Eq. (4.14) is evaluated for critical values and the
results are discussed in Section 5.
4.2. Heat and mass transports
In the study of convection in ﬂuids, the quantiﬁcation of heat and mass transport is important. This is because the onset of
convection, as Rayleigh number is increased, is more readily detected by its effect on the heat and mass transport. In the
basic state, heat and mass transport is by conduction alone.
If H and J are the rate of heat and mass transport per unit area respectively, thenH ¼ jT @Ttotal
@z
 
z¼0
and J ¼ jS @Stotal
@z
 
z¼0
; ð4:15Þwhere the angular bracket corresponds to a horizontal average andTtotal ¼ T0  DT zdþ Tðx; z; tÞ and Stotal ¼ S0  DS
z
d
þ Sðx; z; tÞ: ð4:16ÞSubstituting Eqs. (4.6) and (4.7) in Eq. (4.16) and using the resultant equations in Eq. (4.15), we getH ¼ jTDT
d
ð1 2pA3Þ and J ¼ jSDSd ð1 2pA5Þ: ð4:17ÞThe Nusselt number and Sherwood number are deﬁned byNu ¼ H
jTDT=d
¼ ð1 2pA3Þ and Sh ¼ JjSDS=d ¼ ð1 2pA5Þ: ð4:18ÞWriting A3 and A5 in terms of A1, we obtainNu ¼ 1þ 2h
hþ d2=a2 and Sh ¼ 1þ
2h
hþ d2=a2Le2 : ð4:19ÞThe second term on the right-hand side of Eq. (4.19) represent the convective contribution to heat and mass transport
respectively.5. Results and discussion
Both linear and weak nonlinear stability analysis of double diffusive convection in a rotating couple stress ﬂuid-saturated
porous medium is investigated. The linear theory is based on the usual normal mode technique and the nonlinear theory on
the truncated Fourier series method. The expressions for the stationary, oscillatory, and ﬁnite amplitude Rayleigh numbers
for different values of the parameters such as Taylor number, couple stress parameter, solute Rayleigh number, Lewis num-
ber, Darcy–Prandtl number, and normalized porosity are computed, and the results are depicted in ﬁgures.
The neutral stability curves in the (RaT,a) plane for various parameter values are as shown in Figs. 1–8. We ﬁxed the values
for the parameters as Ta = 20, C = 3,RaS = 100, Le = 20, PrD = 10 and v = 0.4 except the varying parameter. From these ﬁgures it
is clear that the neutral curves are connected in a topological sense. The effect of Taylor number Ta on the neutral curves is
shown in Fig. 1. We ﬁnd that for ﬁxed values of all other parameters, the minimum value of the Rayleigh number for both
stationary and oscillatory mode increases as a function of increasing Ta, indicating that the effect of Taylor number is to sta-
bilize the system. Besides, the critical wave number increases (i.e., the size of convection cell decreases) with increasing Ta.
Fig. 2 depicts the effect of couple stress parameter C on the neutral stability curves. We ﬁnd that with an increase in the value
of couple stress parameter, the minimum value of the Rayleigh number for both stationary and oscillatory mode increases
indicating that it delays the onset of double diffusive convection.
The effect of solute Rayleigh number on the onset criteria is depicted in Fig. 3(a) and (b). We ﬁnd that the minimum Ray-
leigh number for both stationary and oscillatory mode increases with an increase in the value of the solute Rayleigh number,
indicating that the effect of solute Rayleigh number is to enhance the stability of the system. In Fig. 4(a) and (b) we display
the effect of Lewis number Le on the neutral stability curves for ﬁxed values of other parameters. It is observed that with the
increase of Le the critical values of Rayleigh number and corresponding wavenumber for the overstable mode decrease while
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stationary and oscillatory modes.
In Fig. 5 the marginal stability curves for different values of Darcy–Prandtl number PrD are drawn. We ﬁnd that an in-
crease in the value of the Darcy–Prandtl number PrD decreases the oscillatory Rayleigh number, indicating that the
Darcy–Prandtl number advances the onset of oscillatory convection. The effect of normalized porosity parameter v is de-
picted in the Fig. 6. We ﬁnd that the effect of increasing the normalized porosity is to decrease the critical Rayleigh number
for oscillatory mode, indicating that the effect of increasing v is to advance the onset of oscillatory convection.
In Figs. 7–11, we show the critical Rayleigh number for stationary, oscillatory and ﬁnite amplitude modes and the critical
frequency of the oscillatory mode as functions of the Taylor number for different values of all other parameters in order to
know the preferred type of instability. We ﬁnd that all of the quantities namely, the critical Rayleigh number for stationary,
oscillatory and ﬁnite amplitude modes are increasing functions of the Taylor number. It is clear that for the parameters cho-
sen for these ﬁgures the oscillatory convection sets in prior to the steady ﬁnite amplitude and stationary convection.
The variation of the critical Rayleigh number for stationary, oscillatory and ﬁnite amplitude modes and the critical fre-
quency of oscillatory mode with Taylor number for different values of the couple stress parameter C as shown in Fig. 7(a)
and (b). We observe that the critical Rayleigh number for stationary, oscillatory and ﬁnite amplitude mode increases with
increasing couple stress parameter C when the Taylor number is ﬁxed, indicating that couple stress parameter stabilizes
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the frequency with increasing couple stress parameter is noticed from the ﬁgure, while large values of the frequency are par-
ticularly related to small values of Ta, and they decay as Ta increases.
Fig. 8(a) and (b) shows the variation of the critical Rayleigh numbers for stationary, oscillatory and ﬁnite amplitude
modes and the critical frequency of oscillatory mode with Taylor number for different values of the Lewis number Le. We
ﬁnd that the critical stationary and ﬁnite amplitude Rayleigh numbers increases with increase in the value of the Lewis num-
ber, indicating that the effect of Lewis number is to stabilize the system. On the other hand, increasing of Lewis number de-
creases the critical oscillatory Rayleigh number, indicating that the Lewis number destabilizes the system in oscillatory
mode. This is because when Le > 1 the diffusivity of heat is more than the diffusivity of solute and therefore, solute gradient
augments the onset of oscillatory convection. The result reﬂects the fact that the cause of oscillatory instability is the differ-
ence in the rates of diffusion of heat and solute. The effect of Lewis number Le on the critical frequency is revealed in Fig. 8(b).
It is found that the critical frequency increases with increase in the value of Le.
The variation of critical stationary, oscillatory and ﬁnite amplitude Rayleigh numbers and critical frequency of oscillatory
mode with Taylor number for different values of the solute Rayleigh number is shown in Fig. 9(a) and (b). We observe that
the critical Rayleigh number for stationary, oscillatory and ﬁnite amplitude modes increases with increasing solute Rayleigh
number, indicating that the solute Rayleigh number enhances the stability of the system. Fig. 9(b) shows that the critical
frequency increases with increasing solute Rayleigh number.
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Taylor number for different values of the Darcy–Prandtl number. We observe that the critical oscillatory Rayleigh number
decreases with an increase in the value of Darcy–Prandtl number, indicating that the Darcy–Prandtl number advances the
onset of oscillatory convection. Further, the critical frequency increases with increasing PrD (Fig. 10(b)).
The effect of normalized porosity on the critical oscillatory Rayleigh number and critical frequency is displayed in
Fig. 11(a) and (b). We ﬁnd that the effect of increasing the normalized porosity is to decrease the critical Rayleigh number
for oscillatory mode. As normalized porosity parameter increases, the thermal ‘lag’ effect (double-advective behavior in the
terminology of Phillips [36]) is reduced. This makes advective heat transfer more effective and so makes it easier for the
destabilizing thermal buoyancy gradient to produce convection. The critical frequency decreases with the normalized poros-
ity (Fig. 11(b)).
In the study of double diffusive convection the determination of heat and mass transport across the layer plays a very
important role. Here, the onset of convection as the Rayleigh number is increased is more rapidly detected by its effect
on the heat and mass transfer. The quantity of heat and mass transfer across the layer are given by Nu and Sh respectively,
which represent the ratio of heat or mass transported across the layer to the heat or mass transported by conduction alone.
Figs. 12–15 indicates the effect of various parameters on the Nusselt number Nu and Sherwood number Sh.1.0 1.5 2.0 2.5 3.0 3.5 4.0
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Fig. 12. Variation of Nusselt number and Sherwood number with critical Rayleigh number for different values of Ta.
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and mass transfer increase sharply and as Rayleigh number is increased further, they remain almost constant. It is also found
that in each case the Sherwood number is above the Nusselt number. We note that the effect of increasing the Taylor number
Ta and couple stress parameter C is to decrease the values of Nu and Sh (see Figs. 12 and 13) whereas that of RaS is to increase
both Nu and Sh (see Fig. 14). Although the presence of a stabilizing gradient of solute will inhibit the onset of convection, due
to the strong ﬁnite amplitude motions, which exist for large Rayleigh numbers, tend to mix the solute and redistribute it so
that the interior layers of the ﬂuid are more neutrally stratiﬁed. As a consequence of that the inhibiting effect of solute gra-
dient is greatly reduced and hence ﬂuid will convict more and more heat and mass when RaS is increased. Further the effect
of increasing Lewis number Le is to decrease Nu whereas it increases Sh (see Fig. 15).
The autonomous system of unsteady ﬁnite amplitude equations is solved numerically using the Runge–Kutta method
with suitable initial conditions. Then Nu and Sh are evaluated as a function of time t. The unsteady transient behaviour of
Nu and Sh is shown graphically through Fig. 16(a) and (b). It is found that both Nu and Sh start with a conduction state value
(i.e.,1) at t = 0 and then oscillate periodically about their steady state value (i.e., close to 3) for t >0. This periodic variation of
Nu and Sh is very short lived and decays as time progresses. The values of Nu and Sh then tend towards their steady state
value 3. We ﬁnd from Fig. 16(a) that increase in the value of Taylor number is to decrease the quantity of heat and mass
transfer due to their stabilizing effect. From Fig. 16(b), it is clear that the heat and mass transfer increases with increasing
couple stress parameter.6. Conclusions
The onset of double diffusive convection in a couple stress ﬂuid-saturated with rotating porous layer is studied using lin-
ear and weak nonlinear stability analyses. The modiﬁed Darcy equation that includes the time derivative term and the Cori-
olis term is used to model the momentum equation. The expressions for stationary, oscillatory, and ﬁnite amplitude Rayleigh
number are obtained as a function of the governing parameters. The effect of the Taylor number, couples stress parameter,
solute Rayleigh number, Darcy–Prandtl number, Lewis number, and normalized porosity on the stationary, oscillatory, and(a) (a)
(b)(b)
Fig. 16. Transient Nusselt number and sherwood number with time for different values of (a) Ta and (b) C.
186 M.S. Malashetty et al. / Applied Mathematical Modelling 37 (2013) 172–186ﬁnite amplitude convection are shown graphically. The critical Rayleigh number for stationary, oscillatory, and ﬁnite ampli-
tude modes are increasing functions of the Taylor number. The oscillatory mode is the preferred mode of instability. The
Taylor number, couple stress parameter and solute Rayleigh number have a stabilizing effect on the stationary, oscillatory,
and ﬁnite amplitude convection. The Lewis number has stabilizing effect in the case of stationary and ﬁnite amplitude modes
while it has a destabilizing effect in the case of oscillatory mode. The effect of increasing Darcy–Prandtl number and normal-
ized porosity is to advances the onset of oscillatory convection which indicates the destabilizing effect. The heat and mass
transfer decreases with an increase in the values of Taylor number Ta and couple stress parameter C, while both increases
with an increase in the value of solute Rayleigh number RaS, and Lewis number Le reduces the heat transport while mass
transport is reinforced. The transient Nusselt number and the Sherwood number approaches the steady state values at large
time.
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